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Abstract
Habitat preference studies increase the knowledge on the ecology and biology of cetacean
species by analysing environmental proxies to achieve an insight into the underlying reasons
for using a specific area. The presence of harbour porpoises in the eastern Canadian waters
has been studied extensively in the Bay of Fundy but little is known about the Gulf of St.
Lawrence stock. A summer population exists along the Quebec shore where the latest bycatch estimations indicate that a large number of porpoises are killed by the fishing industry.
Non- systematic survey data collected in the summer seasons from 1997-2003 allowed the
study of harbour porpoise distribution in the western Jacques Cartier Strait. Generalized
Estimating Equations (GEEs) were used to analyse habitat use in relation to environmental
variables derived from an ocean model. Both spatial and temporal variations were found,
although porpoise’s occurrence was highly influenced by local upwelling currents. A
predictive model was also built using GEEs to investigate the presence of large aggregations.
The results suggest that the extent around the Mingan Archipelago in conjunction with
southern sea currents and low turbulent waters enhances the probability of occurrence of big
groups. However, the confidence in the model is dubious due to poor goodness of fit in the
graphical validation, which could not predict more than seven individuals per sighting while
groups made up of twenty individuals were observed. Spatial and temporal occurrence of
harbour porpoises in the study area raises the hypothesis that it may be a calving and nursing
ground. However, further studies with this dataset using different modelling frameworks
could obtain better results than those presented here. Future data collection should include
population-related data such as behaviour or presence of calves for confirmation of this
hypothesis.
Keywords: habitat modelling, Phocoena phocoena, harbour porpoise, generalized estimating
equations.
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Introduction
1.1 Cetacean habitat modelling
The marine environment is a complex, dynamic and three-dimensional (3D) system variable
at both spatial and temporal scales. Biotic and abiotic factors define the areas animals will
exploit to maximize their fitness (given their physical, behavioural and metabolic
adaptations). The habitats used by the species and individuals will change according to the
requirements needed such as feeding, mating or calving (Acevedo-Gutiérrez 2002). The study
of cetaceans’ distribution represents a huge challenge for the researchers due to its pelagic
nature and the hardly accessible and dynamic environment they live in. Hence, describing
cetacean habitats requires careful selection of the variables and the scale used to explain and
predict their distribution and abundance (Redfern et al. 2006; Redfern et al. 2008).
Several human activities overlap cetacean species distribution affecting negatively on their
habitats (Jefferson et al. 1993; Evans and Raga 2001; Kaschner et al. 2006). Fisheries
(Botsford et al. 1997), by-catch (Read 2006), pollution (Tanabe et al. 1983) or noise
(Richardson et al. 1998) are among the principal threats faced by this taxonomical order. In
order to minimize the potential disturbance and interaction with marine mammals a better
understanding of the habitats they use and select must be achieved.
Habitats in the terrestrial environment have been described and modelled extensively and
some of these analytical approaches used for the marine realm (Guisan and Zimmermann
2000). Identification of cetacean habitats have been made based on sighting locations from
surveys, defining areas of high encounter frequency and density (extended in (Hamazaki
2002) or by relating the observations to environmental variables (Gaskin 1968; Watts and
Gaskin 1985; Morris 1987). These variables can either be static or dynamic (Ross et al. 1987;
Selzer and Payne 1988; Forney 2000). Since cetaceans are highly mobile species and spend
most of their time underwater, descriptions of the habitats where they occur may not suffice
for conservation and management purposes. The development of technologies in the last
decades (satellites, dataloggers or global positioning systems, hereafter GPS), the
improvement of computational power and the implementation of new statistical techniques
from other scientific branches (Guisan and Zimmermann 2000; Guisan et al. 2002; Redfern et
al. 2006) have led to the exponential growth of cetacean habitat modelling studies (Cañadas
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et al. 2005; Doniol-Valcroze et al. 2007; Panigada et al. 2008; Skov and Thomsen 2008;
Marubini et al. 2009; Žydelis et al. 2011). The design of statistical models predicting
potential habitats is a step forward in the support of management decisions.
The data available, the methodological constraints faced by the researchers or the ecology
and biology of the species should guide the choice of model. Once the description of the
habitat preferences and the potential habitat uses for the target animals to be studied is
explained, increasing knowledge of the ecology of the species can be achieved in order to
better define their ranges (Kaschner et al. 2006), create marine protected areas (Hooker et al.
1999; Cañadas et al. 2005; Hooker et al. 2011) or minimize fisheries interactions (Kaschner
2004).

1.2 Ocean models
The data used for cetacean habitat modelling may come from different survey techniques
(Forney 2002) or by tracking the animals (Baumgartner and Mate 2005; Johnston et al. 2005;
Redfern et al. 2006) and generally includes physical, biological or chemical information from
the environment. Commonly used variables can be distinguished as (1) static, which will not
change over time (water depths or slope) and (2) dynamic, where a spatial or temporal
variation may occur (temperature or salinity). These data can be collected in situ during the
surveys or extracted a posteriori from available datasets (bathymetric maps or remote
sensing).
Another approach obtains habitat data derived from oceanographic-process models, which
include spatial and temporal variability for dynamic features (tidal currents, temperature or
salinity) at different scales (Redfern et al. 2006). Ocean models are based on the hydrostatic
primitive equation introduced by Vilhelm Bjerknes (1910, Paul N. Edwards). Nowadays, two
and 3D ocean models can provide practical data for climate-warming studies (Kamenkovich
et al. 2002), ice-modelling behaviour (Meier 2002), current patterns (Saucier et al. 2003),
krill aggregations (Sourisseau et al. 2006) and model primary production (Skogen et al.
1995). They can also offer dynamic ocean data to marine vertebrate studies (Doniol-Valcroze
et al. 2007; Skov and Thomsen 2008).
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Since marine mammals are not always available to be observed during surveys, satellite
tracking (using animal-borne tags) can indicate where the animals are, how much time they
spend on the selected areas and the what are the conditions they experience below the surface
(Johnston et al. 2005; Biuw et al. 2007; Sveegaard et al. 2011). However, these can come at
an important economic cost. The development of highly complex but realistic 3D ocean
models, can offer the possibility of investigating the vertical environment where the animals
were sighted, without the handicap of handling and tagging. Nevertheless, with this approach,
we are not specifying whether the animal was using the entire water column but a general
idea can be obtained on the motivation underlying the use of that particular area not only on
the surface, but at different depths.

1.3 The Gulf of St. Lawrence
The Gulf of St. Lawrence is located in the eastern shore of Canada on the North-West

Atlantic Ocean (Fig1). It is considered a semi-enclosed sea due to its geography, surrounded
by the Quebec shore on the north, Newfoundland on the East and Nova Scotia throughout the
West and South-West. It opens to the ocean by Cabot Strait (the biggest entrance to the Gulf)
and the Strait of Belle Isle and covers a total area of 236,000 km2 making it the world’s
largest estuary (Dickie and Trites 1983).

Fig. 1: Location of the Gulf of St Lawrence, North-West Atlantic (Canada). The blue rectangle indicates the
study area which is described in further detail in section 2.1
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The physical and oceanographic features of the gulf, makes it a particularly rich ecosystem
(FOC 2005; Morissette et al. 2006). It is ice-covered in winter, involving a horizontal twolayer system (Saucier et al. 2003) where deep rich Labrador waters enter through the Strait of
Belle Isle (Han et al. 1999). In spring the rise in temperatures and the ice melting in both land
(freshwater run-offs all along the coast) and sea creates a new structure based on a three layer
system (superficial, intermediate and deep waters). At the same time, the major freshwater
supplier from the gulf (the St Lawrence River), also receives an abundant income from the
Great Lakes in the United States of America (USA). These non-advective processes
(diffusion and mixing) are responsible for the major circulation all over the gulf (FOC 2005;
Larouche et al. 2006). These processes of vertical mixing and the combination of deep and
shallow topography creates unique conditions for high primary production (phytoplankton
blooms, (Herman et al. 1991; FOC 2005) and consequently primary consumers (zooplankton)
such as for krill (Sourisseau et al. 2006).
The marine mammal biodiversity in the Gulf of St Lawrence is large. Thirteen different
species of cetaceans and four pinniped species inhabit or seasonally visit the gulf (Kingsley
and Reeves 1998; FOC 2005). In the early 1990’s, stocks depletion for some of the main
commercial species lead to the decline of the fishing industry (DFO 2001; DFO 2011). The
reduction in fish biomass raised an on-growing concern about competition between marine
mammals and fisheries, with the former accused for the non-recovery of the stocks.
Morissette (2006) revealed the important role of these animals (especially seals) for the
correct balance of the ecosystem. Analyzed in a food web context the effect of predators can
have beneficial effects.

1.4 Biology of harbour porpoises
In the Gulf of St Lawrence along with the biggest animal on the planet, coexist one of the
smallest species of cetacean, the harbour porpoise (Phocoena phocoena). It belongs to the
Phocoenidae family which contains seven different species (Folkens and Reeves 2002). The
harbour porpoise comprises four sub-species, all of them inhabiting cold temperate and subarctic waters in the northern hemisphere (Jefferson et al. 1993) geographically isolated from
one another (Bjørge and Tolley 2002). For the Western North Atlantic, Wang (1996)
supported the early classification by Gaskin (1984) for P.p. phocoena into three management
4
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units: (1) Gulf of Maine-Bay of Fundy, (2) Gulf of St Lawrence (with an estimated northern
population of 21,000 individuals, Kingsley et al. 1998) and (3) Newfoundland.
Reaching between 160-170cm in length and an average of 70kg harbour porpoises are small
stocky animals without a pronounced beak (Read 1999). It is characterized by a dark-grey
dorsal body and diminishing light pattern towards white to the ventral side. They have a
small and falcate dorsal fin which is the most common feature of a sighting (Fig 2). Their life
span is over 20 years, reaching sexual maturity between 3-5 years old (Lockyer 1995).

Fig. 2: Draw of the external morphology of harbour porpoise. © Maurizio Würtz (http://www.artescienza.org/)

Mating occurs shortly after giving birth (between May and June) and pregnancy is around 11
months. Lactation follows for 8-12 months post-partum, meaning that females are capable of
being pregnant while still feeding their calves (Gaskin 1984; Lockyer 1995; Read 1999).
Small groups of three individuals might be formed by a female with the older and a new calf
(Read 1999). Group sizes are normally small (1-8) but larger aggregations have been
recorded occasionally probably for migrating and feeding (Hoek 1992; Jefferson et al. 1993;
Van Waerebeek et al. 2002).
The diet of harbour porpoises varies on a regional and seasonal scale (Jefferson et al. 1993)
and is dominated by gadoids, clupeids and squid in the Western North Atlantic (Smith and
Gaskin 1974; Recchia and Read 1989). In the Gulf of St Lawrence important species such as
cod (Gadus morhua) or hake (Merlucidae) represents a minor percentage of harbour porpoise
intakes. Instead, small schooling fish such as capelin (Mallotus villosus) and herring (Clupea
harengus) are the most important prey items making up to 80% of their diet (Fontaine et al.
1994a). Harbour porpoises require food equivalent to approximately 3.5% of their body
weight to be consumed daily and this percentage can increase in lactating females (Yasui and
Gaskin 1986). These fish species satisfy their daily caloric requirements as described for
similar nearby areas such as the Bay of Fundy (Fontaine et al. 1994a). Therefore, harbour
porpoise occurrence is thought to be linked to their prey distribution (Santos and Pierce
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2003). Tidal currents, sea bottom depths, temperature and topography are some of the
physical features described as distribution proxies which favours prey concentration,
enhances primary production and thus determine predator distribution (Watts and Gaskin
1985; Lockyer 1995; Weir and O’Brian 2000; Johnston et al. 2005; Johnston and Read 2007;
Skov and Thomsen 2008; Sveegaard 2011).
Due to their energy requirements, harbour porpoise distribution overlap with fisheries. One of
the major threats affecting this species is by-catch and for the late 1980’s Fontaine (1994b)
estimated mortalities close to 2000 porpoises per year in some portions of Gulf of St.
Lawrence. Most of the incidental entanglements of porpoises seemed to occur in groundfish
nets set for Atlantic cod while foraging on capelin and herring (Fontaine et al. 1994a). A
reduction in incidental catches was suspected in the 1990’s after fisheries moratoria due to
fish stock depletion and was confirmed in the Bay of Fundy (Trippel and Shepherd 2004).
The latest estimations for the Gulf of St Lawrence (based on questionnaires to the fisherman
and at-sea observers) indicate a decrease in harbour porpoise by-catch although the authors
recognize imprecise results (Lesage et al. 2004).

1.5 Aims
Harbour porpoise distribution has been related to many different physical features according
to their prey. While in some areas tidal currents seem to be the principal characteristic, in
others underwater topography, temperature or depths are the patterns that better describe their
occurrence. Since diet is slightly different across regions, distribution could be reflected in
the application of different feeding behaviour techniques in order to maximize the energy
income. Harbour porpoises are not socially interacting animals but large aggregations have
been described most likely for migration and feeding purposes. Therefore, the aims of this
study will be:
•

Analyse the habitat use of harbour porpoise from the northern Gulf of St.
Lawrence,

•

Investigate the relationship between environmental conditions and harbour
porpoise group sizes in the study area.
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Methods
2.1 Study area
The study area was located on the northern section of the Gulf of St Lawrence, between the
Mingan Archipelago and Anticosti Island along the Jacques Cartier Passage (Fig.3). The
geographic and oceanographic characteristics of this area make it particularly important for
marine mammals (Kingsley and Reeves 1998; Naud et al. 2003).
Around the Mingan Archipelago several physical features such as canyons, dunes systems or
rock shelves and deltaic and prodeltaic regions define its topography (Naud et al. 2003). This
strait presents a channel-like bathymetry, reaching maximum depths of 200m with cold and
icy surface waters in winter (Han et al. 1999; Saucier et al. 2003). The presence of Anticosti
Island opposite to the archipelago and the currents from the North-western gulf creates a gyre
between the head of the Jacques Cartier Passage and the lower St. Lawrence Estuary where
plankton aggregations build in winter months (Saucier et al. 2003; Sourisseau et al. 2006).

Heights/
Depths (m)

Fig. 3: Study area with the main base at Mingan (Canada) and the Minimum Convex Polygon (MCP,
grey line) which contains 95% of the total effort for the study period (1997-2003). Projection: Mercator
(centered at -63°longitude). Datum: World Geodetic 1984 (WGS84). Bathymetry: GEBCO_08
(www.gebco.net)

The Jacques Cartier Strait shows a persistent cold band in summer due to wind driven
upwellings (Koutitonsky and Budgen 1991; Bourque and Kelley 1995), as reported for other
regions in the gulf which has an important impact on fisheries (Rose and Legget 1988). The
cold intermediate layer (CIL) below the warmer surface waters is rich in nutrients and
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contributes to the shrimp industry as well as the phytoplankton and nekton communities
(Bourque and Kelley 1995; Naud et al. 2003; Sourisseau et al. 2006). Krill aggregations
remain in this deep layer closely related to bathymetry where they accumulate on most slopes
at the margin of the basin. These aggregations are produced on the eastern side of the strait
where dense Labrador waters from the Strait of Belle Isle pushes organisms along the north
shore of Anticosti Island (Sourisseau et al. 2006). Given the winds and currents occurring in
summer (Han et al. 1999; Saucier et al. 2003), the rich plankton community may attract fish
and thus, the bigger predators.

2.2 Data collection

Data collection was carried out by Mingan Island Cetacean Study (MICS, Longue-Pointe-deMingan, Québec, Canada) as part of their long-term research on baleen whales1. A 7m long
rigid-hulled inflatable boat with outboard engines was employed during the study period
between June and November from 1997 to 2003. However, survey efforts varied across
seasons and are summarized in Table1.
Table 1. Total survey effort in days for the study period (1997-2003)

Month
Year

June

July

August

September

October

November

Total

1997

11

21

20

16

6

-

74

1998

9

19

22

11

7

-

68

1999

8

16

16

12

1

-

53

2000

4

18

23

13

2

-

60

2001

10

17

21

13

5

1

67

2002

13

15

19

5

2

-

54

2003

10

5

-

-

-

-

15

Total

65

112

121

70

23

1

391

Survey speed was around 15-20 knots and every marine mammal sighting (regardless
taxonomic order) was recorded with a unique ID code, along with position and biological
information such as species identification, presence of calves and number of animals.
1

http://www.rorqual.com/englisch/index.html
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In the early years of this dataset, GPS technology was not available and some sightings were
defined using physical features and subjective measures of distance from shore. Approximate
sighting coordinates were then derived from nautical charts. Areas with numerous small
groups of harbour porpoises were summed over several minutes, resulting in large to very
large group sizes (up to 500 individuals). Initial and ending time and their corresponding
positions were recorded for every track to account for survey effort.
On transect, animal counts were quite precise and recounts of the same animal or group of
animals were considered unlikely. Given the size and behaviour of harbour porpoises, most
of the sightings were within 50m of the boat. In some cases, if animals were spotted further
away, a compass was used to obtain a bearing and an estimated distance was given. Based on
this information a coordinate position was calculated. Overall, it was assumed that harbour
porpoise sightings were contained within 500m from the boat, as their detection decreases
with distance (Palka 1995b).
In the event of a baleen whale sighting, the boat followed the individual to obtain images for
photo-identification purposes. Biopsy samples were also collected or implantable tags
attached for telemetry. However, during these procedures, other marine mammal sightings
were still recorded, but not with the same precision due to the focus on the main activities
mentioned above. This could represent a bias in the data as a result of imprecise counts and
possible re-sampling of harbour porpoise groups while following the baleen whales.
The survey effort was highly dependent on weather conditions, which influenced the area
covered daily and the time spent at sea. In order to avoid potential biases from distant
locations visited only once, a Minimum Convex Polygon (MCP) was generated. The MCP
contained 95% of the total area visited during the entire study period (Appendix A).
Locations falling outside the MCP were not considered for analysis in this study.
Following Doniol-Valcroze et al. (2007; 2008) the environmental data for every sighting was
extracted from the oceanographic model developed by Saucier et al. (2003). This 3D coupled
ice-ocean model is gridded with a horizontal resolution of 5x5km, vertical resolution of 5m
and 5min time-step, offering realistic data for tides, atmospheric, hydrologic and ocean forcing.
These physical variables were derived from pre-defined locations in the study area (model nodes,
App. A). Observed measurements are taken as initial conditions at different depths (to develop
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the seasonal model) at specifically designated stations across the Gulf. These stations are located
on the open boundaries, on the Strait of Belle Isle, St. Lawrence Estuary and Cabot Strait (Fig. 4).

Fig. 4: Open boundaries where oceanographic stations (red circles) retrieve data for the 3D ocean
model. From Saucier et al. 2003

Harbour porpoise occurrences were plotted using ArcView 3.1 software and environmental
data was associated by linking the sighting to the nearest 3D node. Temperature (T°), salinity
(S‰), U (East-West), V (North-South) and W (Up/Downwelling) components of water
current (m.s-1) and turbulent kinetic energy (m2s-2) were then calculated from the ocean model
for the specific date-time of the sighting, covering each 5m layer from surface to the
maximum depth of the specific ocean node.
Approximately, 62% of the observation points were lost in the environmental extraction
process. Most of the missing sightings vanished from the dataset for unknown reasons (but
most likely due to the large amount of data) and others were removed because their position
fell outside the grid of the ocean model.

2.3 Generating pseudo-absences
The data obtained during the survey period was solely represented by presences. Different
analysis methods (such as Ecological Niche Factor Analysis, ENFA, or Principal Component
10
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Analysis, PCA) rely on this type of data, but in order to improve the habitat use analysis
(Brotons et al. 2004; MacLeod et al. 2008), pseudo-absences are created. These false
absences represent locations in the effort area where the target species could have been seen
(a potential suitable area) but assumed they were not at that particular instant in space and
time. Statistically there is no evidence to attribute an absence following this procedure
because of its inherent uncertainty, but it has been proved to be a valuable resource (DoniolValcroze et al. 2007; Žydelis et al. 2011).
For every unique sighting with its correspondent environmental data, a random point was
generated for the same day and time to create an absence location. Pseudo-absences were
distributed randomly within the 95% MCP. Predictive models using presence only data tend
to enlarge the suitable areas for the studied species. Applying this method, explanatory
variables can be better represented in the model and the predictive power of the model highly
improved (Chefaoui and Lobo 2008).
The full dataset containing presences/absences of harbour porpoises with their associated
biological and environmental data produced and personally provided by Thomas DoniolValcroze.

2.4 Analysis
The statistical analysis on this study was conducted with R software (R Core Development
Team 2011) using geepack (Yan and Fine 2004) and car (Fox and Weisberg 2011)
libraries depending on the models and tests to be performed. Maps used to plot results were
generated using Manifold system 8.0 (© CDA International Ltd., 2008). For the present
study, observations with positions not given by a GPS and group sizes over 20 individuals
were dismissed in order to avoid possible biases from the data collection. Given the nature of
the data set an initial standard exploratory analysis was carried out to check for linearity or
patterns in the covariates for both habitat use and group size models.
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2.4. a) Generalized Linear Models and Generalized Estimating Equations
Generalized linear models (GLMs) are extensions of linear models where the response
variable follows a non-normal distribution (it follows any of the exponential family
distributions instead) and where the mean of the response is a function of the explanatory
variable via a link function (Zuur et al. 2009).
To build a model three steps must be detailed:
(1) The distribution of the response. Let Yi be the response variable, the notation is:
Yi ~ Binomial (ni,p)
(2) The logistic regression model:
logit (ηi)= α+ β1*variable1+…+ βn*variablei
And (3) the link function (logit, ensures model predictions are between 0-1):
݃ሺ ሻ = logሺ


ሻ
1 − 

Since GLMs allow the response variable to follow a non-normal distribution and nonconstant variance, these models are more flexible and better fitted for ecological data than
standard linear models (Guisan et al. 2002).
However, biological studies frequently result in spatial or temporal correlated data.
Generalized estimating equations (GEEs) are used for nested data where the independence
assumption is violated (Liang and Zeger 1986). As with GLMs, this statistical approach can
be used to model any of the exponential family distributions (Zuur et al. 2009). The steps to
specify a GEE are the same as in a GLM with the addition of a correlation structure.
(1) The systematic part (where i= nested data and s= measure ):
logit (ηis)= α+ β1*variableis+…+ βn*variableis
(2) The random part: Measurements on different groups (or panels) are assumed to be
independent but correlated within the same group. The variance is then related to the
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mean by a variance function which allows for over-dispersion by estimating a
dispersion parameter:
Var(Yis) = ϕV(pis)
(3) The correlation structure: Needed for the repeated measures and is given in the shape
of a correlation matrix (R (α)). The correlation matrix will describe as much as
possible the correlation between groups. Four different types can be fitted: AR(1),
Unstructured, Independent or Exchangeable (Hardin and Hilbe 2003; Zuur et al.
2009) depending on the data.

2.4. b) Habitat use models
The data supplied by MICS contained sightings of harbour porpoises with associated physical
data and their corresponding pseudo-absence points, with equivalent information. Depending
on the depth of the presence/absence locations, fewer or more environmental data were
available from the different water layers given by the 3D ocean model. A large number of
sites were found to be in shallow areas and thus fewer layers available for analysis. In order
to evaluate and compare the maximum number of observations, only the surface layer was
entered in the computation of the following models.
For the presence/absence distribution a GLM within the binomial family and logit link
function was performed. A model with all the explanatory variables was reduced to the best
fitting model running hypothesis tests performed by Analysis of Deviance (Anova type II
test, using the “car” library) to obtain p-values from a Chi-Square distribution. The covariates
were dropped from the fully saturated model using backwards selection. Once all the
covariates were significant (at a level of significance, α, of 0.05) the explained Deviance (D)
for binary outcomes was calculated to identify the proportion of deviance explained by the
model.
In order to account for possible non-independence in the data, a Binomial-GEE was built as a
fully saturated model and reduced to the best fitting model in a backwards selection process.
The GEE was specified by day as panel with an independent correlation structure. The
underlying reason for the selection of this panel was driven by the physical conditions of the
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area, influence of winds and currents (Bourque and Kelley 1995; Han et al. 1999), being
more likely the presence of harbour porpoises to be correlated on a daily basis, but
independent across days. The significance of the covariates was determined by Wald chisquare hypothesis testing set at a 95% confidence level (Rotnitzky and Jewell 1990). This test
performs its analysis adding terms sequentially. Each covariate occupied the last position in
the model to test for its significance and once all the explanatory variables were tested the
one with the highest p-value was dropped from the model. This procedure ran for several
rounds, in which one covariate was removed once the significance of all the variables was
tested. If no existing correlation arises, the model should be the same as the one performed by
the GLM. On the other hand, if a difference between models was detected, the GEE model
was given priority as it would account for the correlation, and thus the biological meaning of
the model would be more accurate.

2.4. c) Group size models
Two Poisson-GLMs with a log link function were performed to investigate the relationship
between the response variables (group size) and the environmental variables. On the first
model all the observed group sizes entered in the analysis whereas in the second model only
the group sizes above the observed mean group size were considered. Due to the highly rightskewed distribution on the counts, the former was intended to relate group sizes to
environmental conditions while the latest was projected to explore for the likelihood of large
group sizes (up to 20 individuals). To account for possible over-dispersion in the data a full
model with a quasi-poisson link was refitted before the covariates selection. The dispersion
parameter (ϕ) appeared to be higher than one (1.63) and so the models with extra variance
were selected. The fully saturated models were reduced to the best fitting models following
the same method used for the habitat use analysis mentioned above. The D for the PoissonGLMs was calculated to quantify the amount of deviance explained by the models in each
case.
GEEs can be considered as an extension of quasi–likelihood models for independent
measurements (Ballinger 2004). Both count GLMs had their own coupled Poisson-GEE
models to be compared so that non-independence in the data could be detected while already
accounting for over-dispersion. The panels and the correlation structures were set to day and
14
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independent respectively for both models. Several rounds using Wald chi-squares p-values
(Rotnitzky and Jewell 1990) determined the variables that would be included in the model at
a 0.05 level of significance.

Results
3.1 Survey data
Total distances covered from 1997 to 2003 are summarized in App. B, and on average
8622km (SE ±7522km) were surveyed each year. The number of days spent at sea and the
total number of harbour porpoise sightings recorded is given in Table 1 and App. B
respectively. The dataset offered by MICS included 3751 harbour porpoise sightings and
their linked absences containing seven different environmental variables (Table 2) for the
surface layer given by the 3D ocean model from Saucier et al. (2003).

Table 2. Physical and oceanographic explanatory variables used in the models. The variable Depth refers to
the closest ocean model node to the sightings for which the environmental data was derived. The first term in
U, V and W component of the water current are described as the positive values. Mean (95% confidence
intervals) and standard deviations (SD) from the sightings, derived from the ocean model nodes are shown.

Explanatory variable

Type

Units

Depth

Static

m

Temperature

Dynamic

T°

Salinity

Dynamic

S‰

U component of water current
(East-West)

Dynamic

m.s-1

V component of water current
(North-South)

Dynamic

m.s-1

W component of water current
(Up-Downwelling)

Dynamic

m.s

-1

TKE turbulent kinetic energy

Dynamic

m2s-2

Mean (95% CI)
98.05
(96.53-99.58)

9.12
(9.028-9.215)

28.95
(28.90-29.01)

0.04
(0.034- 0.06)

-0.06
(-0.07/ -0.05)

1.98 e-05

±SD
43.46

2.65

1.51

0.36

0.21
9.93 e-05

(1.628 e-05-2.326 e-05)

0.00022
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Along with this information, the GPS position of the sighting, date, time, month, year and
group size were also specified for every observation. However, because of the
aforementioned potential biases in the data collection (non GPS positions and group sizes
over 20 individuals), 637 records were removed leaving a total of 3114 presences (plus their
linked absences), making up a total of 6228 points entered for the analysis.

3.2 Habitat use models
The GLM-GEE based models differed slightly in some covariates. The meaning of these
differences reflects the temporal autocorrelation in the data. The panel used in the GEE
model was day and so model error correlation was permitted on sightings from the same
days. As a result, the GEE model was the one used for predictions for more feasible
2

biological meaning. The Wald-statistic test retained the factor Year (χ =30.717; pvalue<0.001) although two of these levels (2002, 2003) were not significant. The rest of the
coefficients were all significant at the 0.05 level. The estimated correlation parameter (α) was 0
since the correlation structure was chosen as independent.

The goodness-of-fit of the model was assessed by the Deviance (D) for binary data which
offers an equivalent measure of an R2. The D explained by the GLM model was 0.3 (30%).
Since D is based on a likelihood measure, it cannot be applied to the GEE model. As an
alternative, graphical model validation was performed which returned patterns in the errors
Caution is needed when data are treated with a GEE. Depending on the number of panels
used (usually small), estimates may vary using different correlation structures as well as the
significance of the variables. It is normally recommended to have more than 20 clusters
(Prentice 1988; Ballinger 2004). In this analysis, the number of panels was 282 with a
maximum cluster size of 170. The parameter coefficients for the model are summarized in Table 3.
Based on these estimates, there is compelling evidence that presence of harbour porpoise
groups highly increased with upwelling currents, increased with Longitude and Latitude and
slightly increased with depths. In contrast, lower probabilities of porpoise presence are
associated to warmed water masses or northward currents.
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Table 3. Parameter coefficients for the covariates retained in the binomial GEE model for the habitat use
analysis. Year and Month estimates differed across the survey period and the minimum and maximum values
of the estimates are given. P-values for these covariates (*) are extracted from the hypothesis testing used
with the anova function in the geepack library.

Parametric coefficients

Estimate

Std. error

Intercept

-199.1000

38.3900

<0.001

Longitude

0.6066

0.1520

<0.001

Latitude

4.7560

0.7995

<0.001

((-0.44)-0.6)*

-

<0.001*

((-1.34)-(-1.84))*

-

0.34*

Temperature

-0.1409

0.0500

0.005

Salinity

0.0764

0.0361

0.034

V current

-0.7228

0.3368

0.032

W current

2598.0000

675.3000

<0.001

0.1436

0.0333

<0.001

(0.017-0.021)*

-

<0.001*

Depth:T5

-0.0024

0.0006

<0.001

Depth:S5

-0.0045

0.0010

<0.001

Year
Month

Depth
Depth:Month

p-value (Wald-statistic)

Although the predicted probabilities of encounter rose in deeper waters, this estimate was
Month dependent (Fig. 5). June appears to be significantly different from the rest of months
in each year. In June, porpoises are more likely to be seen in shallow waters than in deeper
waters, while the opposite is true for the other months.
As temperature and salinity gradients are often linked and determine water masses, a T/S
diagram was created to predict occurrence subject to these two variables (Fig. 6). The model
suggests that the likelihood of harbour porpoise encounters increase in cold and slightly
saline (estuarine) waters. No differences are appreciated between months, indicating that
physical water preferences are not modified along the season and porpoise’s distribution is
related to areas with a considerable input of freshwater. In this model, harbour porpoises
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appear to be highly related to upwelling currents and no differences are observed across
seasons or years.

Fig. 5: Predicted occurrences by depths across the season for the years entered in the model. Note than June
appears to be the month where sighting probability is higher at shallow waters. Annual differences are
suspected but were not tested.

Fig. 6: Predicted hydrographic conditions. The model suggests that the sighting probability increases with
lower water temperatures and increasing concentrations in the salinity. Maximum probabilities in the flat
top area of this graph, with predicted values of 0.99 in extremely low salinity conditions, should not be
considered and will be covered in the next section (Discussion)
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No differences are appreciated taking into account only for the coordinate position (Fig 7).
This graph suggests that the probabilities of sighting are higher in the north-east region of the
study area (close to the Mingan archipelago). The computational power to develop this graph
did not permit the interaction of more variables and this fact may have caused these similar
results.

Fig. 7: Predicted occurrence based on the geographical position for two months across the season, with mean
values for the rest of the variables in the mode. North-east region corresponds to the location of the Mingan
archipelago.

The only variable in the model which reflects any difference in the predicted occurrences
across the season is depth. Prediction maps for two months (June and August) were created to
check for spatial distribution. In June, the GEE model predicted the highest probabilities of
porpoise occurrence in shallow waters, near the coast and over the underwater seamounts
(Fig 8). Predicted sightings in August are localized in the underwater valley north of
Anticosti Island (close to the tail of the Anticosti gyre) and the northern region of the MCP.
The outcome given by the model did not reflect the observed locations for that month,
focusing most of the sightings in the inner, but deeper area of the Jacques Cartier Strait.
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Fig. 8: a) Sightings collected in June across the survey period (1997-2003); b) Predicted sightings given by the binomial GEE model in June for the MCP area; c)
Sightings collected in August across the survey period (1997-2003); d) Predicted sightings given by the binomial GEE model in August for the MCP area
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3.3 Group sizes model
Mean group sizes were similar for the entire study period and were found to be around 2-3
individuals per sighting. The group sizes are highly right skewed being groups bigger than 5
individuals rare. Given the previous analysis of occurrence a coupled GLM-GEE model of
density with Poisson distribution from these observations was modelled. Before the variable
selection process began a quasi-poisson model was fitted to check for over-dispersion in the
data, which resulted in a ϕ value of 1.64. The GLM-GEE pair returned the same variables for
the model, indicating no significant temporal autocorrelation and GLM-Poisson model
preferred. The covariates retained in the model are Latitude and the interaction of year and
depths. The D returned by the model could only explain 2.5% of the variation in the data,
demonstrating a poor fit of the model. Due to this deficient proportion, no more than 3
individuals per group could be predicted while groups of 20 were observed. This
underestimation of the data could be most likely to the scarce large groups observed (groups
5-20 individuals only represented 16.4% of the sightings).
For the last model, only sightings with group sizes over the mean average (more than three
individuals) were modelled. The GLM and the GEE Poisson models differed in the selection
of the most significant variables, representing significant temporal autocorrelation. Under this
circumstance, TKE appeared to be significant in the number of porpoises seen in a group for
the first time. Any of the previous models showed significance for this variable. The GEE
selection process included TKE, V and the interactions formed by depth with Year and
Longitude. Graphical validation revealed weak predictive power with no more than groups of
seven porpoises expected by this model.
Large groups were predicted to occur in southward currents and low turbulent waters. When
plotting this model for different depths, large interannual variability was discovered. Some
years had bigger groups concentrated in shallow waters while in others, porpoises
congregated in deeper regions. The same phenomenon occurred in a spatial scale (Fig. 9).
Smaller groups were predicted in 1997 while the biggest group size estimation was in 2001
reaching up to 7 individuals. The rest of years considered in the analysis had similar
predictions, but the overall trend was bigger groups occurring in the eastern zone of the study
area, between the Mingan archipelago and the north shore of Anticosti Island (Jacques Cartier
Strait).
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Fig. 9: Predicted harbor porpoise group size occurring in a temporal and spatial scale. Note 1997 and 2002
where the group sizes were the lowest and the highest predicted. General trend is derived from this graph in
which eastern areas will congregate big groups corresponding geographically to the Jacques Cartier strait,
between the Mingan archipelago and the north shore of Anticosti Island.

Discussion
This study has investigated the habitat use of harbour porpoises in the northern section of the
Gulf of St. Lawrence and the relationship between number of individuals in a group and
environmental variables. The presence of this species in the study area is related to local
upwelling currents along the northern shore that varying seasonally. The number of porpoises
observed in a group was not related to environmental variables and differed through space
and time. However, when modelling groups larger than the mean size, this species was
distributed in relation to low turbulent waters and local currents in the eastern section of the
study area. This is the first habitat analysis of harbour porpoises in the northern Gulf of St.
Lawrence and offers a general insight into the distribution of this population, which suffers
from large by-catch rates in bottom fishing gillnets (Lesage et al. 2004).
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The results of the habitat use model suggest a temporal correlation within days motivated by
local currents occurring in the north-eastern sector of the study area. The particular
oceanographic processes in the area, such as the wind-driven upwellings (Bourque and
Kelley 1995), may vary in intensity on a daily basis and thus affect the amount of
zooplankton at the surface. These microorganisms might attract the harbour porpoises’ main
prey to the upper layers, facilitating feeding activity and thus reducing physical effort. Under
favourable upwelling conditions, more sightings will be recorded on the same day. The
higher probabilities observed in the north-east region of the study area can identify two
effects. On the one hand, it offers sheltered areas in the complex topography of the Mingan
Archipelago (Naud et al. 2003) while on the other hand supplies large quantities of prey. The
breeding season of harbour porpoises is short and seasonal (Read 1990), with most of the
births occurring in a nearby area, the Bay of Fundy, in late May-early June (Smith and
Gaskin 1983). The higher predictions of sightings in June would support the hypothesis that
pregnant females search for protected areas to give birth in shallower waters. No information
on the breeding season has been documented for the Gulf of St. Lawrence population but may
become available in future studies. The demanding biological schedule followed by female
porpoises (simultaneous lactation, pregnancy and own survival) would require areas with a
high quantity of available resources to compensate this energy loss in milk production and
gestation. Fortunately, the low energetic requirements of the foetus, allow the mother to
perform both tasks (Read 1999). Within the same context, the porpoise’s main prey in the
study area (capelin and herring) have their spawning events in coastal waters coincident with
the arrival of the porpoises breeding season. Capelin has one large coastal spawn, but
sporadic hatching has been described due to interannual variations in temperature in the west
coast of Newfoundland (DFO 2001). Herring has two spawning stocks in the northern region
of the gulf, in spring and autumn. Tight schools of this pelagic fish start a shoreward
migration in April to spawn along beaches, but can also occur in deeper waters (125m, DFO
2011). This late spring productive peak, could supply the daily energy requirements of
harbour porpoises at a delicate time of the year (Yasui and Gaskin 1986). Following the
completion of capelin and herring first migration, the surviving individuals will undertake the
return journey to deep waters searching for zooplankton. This relocation of prey can be
related to the higher predicted occurrences of harbour porpoises in deeper waters in the
following months. According to previous studies, a large variability exists in an
oceanographic spatial and temporal scale in the Jacques Cartier Strait influencing the annual
primary production and the seasonal distribution of zooplankton (Saucier et al. 2003;
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Sourisseau et al. 2006). This variability would explain the significance of the variables year
and month added to the model, causing a non-constant monthly and yearly distribution. The
predicted water properties preferred by porpoises did not differ across the season (Fig. 6).
However, it is worth mentioning that the graphical results obtained for this prediction do not
entirely describe the expected trend, and it is most likely an artefact of the predictions code
used for these joined variables. The upper and flat area of the graph retrieves maximum
probabilities in water properties inappropriate from a marine or estuarine environment
(<15‰). This error could not be fixed due to time constraints. Observed temperatures and
salinities are shown for proof of comparison (Fig. 10).

Fig. 10: Histogram of temperature (a) and salinity (b) from the harbor porpoise dataset. The salinities observed
and the mean value confirmed with 95% CI, does not suggest any potential preference in salinities under 20‰,
while the maximum sighting probabilities were given for salinities between 0-20‰ as mentioned for Fig. 6.

Skov et al. (2008) identified two different upwelling cells used at different temporal scales
(tidal dependent) for harbour porpoises in Eastern North Sea. The results presented here agree
with their findings in the use of upwelling areas, but in the current study, these were caused
by wind forces and topographic features.
The results derived from the group size models differed when treating the response variable,
number of individuals per group, in different frameworks. The number of individuals forming
a group was not determined by environmental factors. In fact, the GLM-GEE coupled
analysis retained the same variables in the model which were latitude, depth and year. Hence,
no significant differences were found for temporal autocorrelation within the panels (days)
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but varied across years and location. However, the confidence in this model with a 2.5% of
explained deviance is unconvincing and should not be considered due to its poor quality.
The relationship between large group sizes and environmental variables significantly differed
from the results obtained in the previous Poisson-GLM model. The model for big groups
considered these aggregations as the sets formed by more than three individuals per sighting.
The model presented significant temporal autocorrelation within days and thus the GEE was
used. Bigger groups were predicted to occur in the eastern sector of the study area in southern
currents conditions but low turbulent waters. Hoek (1992) recorded a single event of 800
harbour porpoises in a site close to this study area. The presence of such large aggregations is
not rare (Gaskin 1992; Kingsley and Reeves 1998) in this region and has also been described
in the Bay of Fundy (Read 1990). Yet an improvement was obtained with this model, no
more than seven porpoises per group were predicted, while sightings of up to 20 individuals
were introduced in the analysis. Water depth preferences differed in an interannual mode and
with the exception of 1997 and 1998, the highest predicted group sizes occurred in shallow
waters. These conditions of shallow areas and low turbulence in the eastern sector would
reinforce the theory that there is a calving and nursing area around the Mingan Archipelago
and agrees with the higher observed abundance of harbour porpoise in the Jacques Cartier
Strait (Gaskin 1992; Kingsley and Reeves 1998). Time constraints did not allow investigating
this model in depth, or use the few and hard-computational statistical procedures to validate
the model or explain the importance of the variables could not be inferred.
The analysis carried out in this project employed non-systematic survey methods recording
occurrences of harbour porpoises comprising a wide range of habitat variability (DoniolValcroze 2007). A large number of sightings (7722) were recorded during the study period,
but not the entire dataset could be included in the analysis. The study only focuses on the
harbour porpoise distribution within the MCP, and so the number of sightings missing due to
distant locations did not represent an important loss, but the same is not applied for the extra
lost values. Since the main focus by MICS was not on harbour porpoises, a bias on the
sightability might have been unintentionally introduced. If the emphasis is set to find baleen
whales, the localization of this smaller animal could have involuntary been missed by
inexperienced observers as their sightability decreases with distance (Palka 1995b). In active
search of baleen whales, time spent in some areas may differ from one another and changes
in position due to external factors, such as the weather, could be missed. If no observations
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were recorded every time the boat changed direction, a bias on the total effort would be
introduced in its computation. Therefore, another approach was considered.
Generating pseudo-absences has proved to be biologically valuable in both land and sea
studies for presence-only data, by allowing some kind of measure of the available space to be
used but assumed it is not at that particular instant in time (Brotons et al. 2004; DoniolValcroze et al. 2007; MacLeod et al. 2008). Creating random points over an area where
porpoises could be seen adds an inherent uncertainty in the data. The probability of an
occurrence at the exact time of a sighting but in a random location over a vast area was not
calculated but can be anticipated to be sufficiently small that would not affect the analysis.
Based on this hypothesis, the data presents locations that would be considered preferred by
the porpoises with other areas of no particular interest.
While focusing in other activities, misdetection and imprecise counts will enter non-realistic
data in the survey. Given the behaviour of this species, incorrect counts in this dataset could
be suspected for large groups due to the lack of an appropriate methodology. A major
concern in counting arises based on how to define a group for these frequently solitary
animals. Several small groups in a big area could be annotated as single events correlated in
time or as a unique observation of numerous individuals in a specific site. Due to equipment
constraints, MICS personnel opted for recording big aggregations as the sum of abundant
smaller groups over a period of time. If this occurrence is very closely related in space and
time, the sum of these smaller groups should be considered as a single event.
Although based on a model and its uncertainty, the environmental data from this ocean model
should be considered adequate (80% goodness-of-fit, Saucier et al. 2003) as positive
economical and ethical aspects are resolved. To study the physical surroundings faced by an
underwater mammal, high technology tags are the only method to directly examine their
habitat. The costs of the tags are avoided here, as well as the capture and handling of the
individual. Nevertheless, an essential limitation is experienced since there is no technique to
recognize whether the individual is using the entire column of water, half of it or just the
surface.
To avoid problems with the non-systematic observations, the GEE model offered the
opportunity to correlate the sightings within days while considering independence across the
survey. This analytical method seemed satisfactory for this data given the diel environmental
variations that occur in the study area created by winds and semi-diurnal tides (Bourque and
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Kelley 1995; Han et al. 1999). Since the number of strata for each location is determined by
the depth of the sea bottom, a comprehensive analysis of all the layers in the water column
will result in uneven sample sizes. An improved statistical approach could resolve this
problem but time constraints restricted the analysis to the surface layer. In addition,
scheduling did not allow for the performance of different correlation structures and panels for
both the habitat use and group size models. Validation of the model was only given by
graphical summaries where dubious patterns were observed. The non-systematic calculation
of the Quasilikelihood Information Criterion (QIC, Pan 2001) prevented the comparison
between models to account for the better variables to be introduced in the models. This
limitation was undertaken by repeated rounds of Anova, which represented a large amount of
time consumed reducing the full saturated models to the best fitting models. Furthermore,
since the GEEs are based on a quasilikelihood distribution the D explained by the model
could not be obtained and thus the proportion of variation in the data was not identified.
Zheng (2000) developed a formula for marginal models, for instance GEE’s, that he called
Marginal R2 which could be used but time constraints did not allow the computation of this
value. The utilization of this method has increased over the last years (Ballinger 2004;
Panigada et al. 2008; Fieberg et al. 2009) and better models have arisen.
Future work should be focused on the better collection of the biological variables during the
surveys and the systematic tracking of the areas visited per day. The data provided did not
allow for an inference of the effort and this conditioned the generation of the pseudoabsences. Estimations from better quality data and more biologically descriptive information
(such as behaviour or presence of calves) would improve the analysis. On the early years,
GPS was not available but the development of this technology in the last decade and the
consequent reduction in prices now allows the tracking of all the movements made by the
research vessel. In a statistical context, the large amount of data provided by the ocean model
should be considered in upcoming analysis. The comparison between the significance of
presences in the surface and the adjacent water masses (CIL and deep waters) is encouraged
to be investigated as the zooplankton and prey items are localized at different depths
(Sourisseau et al. 2006). Better techniques to consider for this dataset should include GLMM
and GAMM given the gradual trend in environmental variables (Guisan et al. 2006). Since a
temporal variation was observed over a large scale, individual year models can be attempted
as in Panigada et al. (2008). The methodology and definition used for large groups should be
considered in future seasons in order to better define the causes of this events. The
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distribution of harbour porpoises in the north shore of Anticosti Island should be considered
in both feeding and social perspectives, since the behaviour and social organisation of
harbour porpoise is poorly understood.
The forthcoming goal to be achieved is to estimate the actual population of harbour porpoises
in this sector of the gulf confirming the calving and nursing area hypothesis in such a rich
feeding ground for marine mammals. The significance of these results can raise the
willingness of a new dedicated survey of abundance (last described in Kingsley and Reeves
1998) in the Northern Gulf of St. Lawrence. The collection of biological parameters (such as
presence of calves) is recommended as the creation of improved habitat models.
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APPENDIX A - METHODS

EFFORT AND OCEAN MODEL NODES

Fig. A-1: Reconstructed survey effort tracks across the study period from the entire sightings dataset
provided by MICS in order to create the MCP containing the 95 % survey effort .From Doniol-Valcroze
(2007, 2008)

Fig. A-2: 3D ocean model nodes in the study area where environmental data for sightings and pseudoabsences were retrieved. From Doniol-Valcroze (2008) and Saucier et al (2003)
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DATA/ RANDOM POINTS

Fig. A-3: Harbour porpoise sightings across the study period (1997-2003 provided by MICS

Fig. A-4: Random points (pseudo-absences) created from harbor porpoise sightings within the MCP.
Provided by Doniol-Valcroze.
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APPENDIX B – RESULTS

Table B-1: Total distances from the reconstructed effort tracks in kilometres surveyed per month and year
across the study period (1997-2003)

Month
Year

June

July

August

September

October

November

Total

1997

729.14

1889.51

3386.93

2286.13

655.33

-

8947.04

1998

922.43

1776.66

2530.23

1055.15

699.93

-

6984.4

1999

607.19

1328.81

2923.45

1648.32

148.83

-

6656.6

2000

447.61

3262.54

4532.83

1604.57

176.8

-

10024.35

2001

911.61

2020.81

2915

1761.66

282.26

158.52

8049.86

2002

1316.14

3022.38

3768.36

843.85

197.26

-

9147.99

2003

1009.9

911.2

-

-

-

-

1921.1

Total

5944.02

14211.91

20056.8

9199.68

2160.41

158.52

51731.34

Table B-2. Total number of harbour porpoise sightings per month and year across the survey period (19972003)

Month
Year

June

July

August

September

October

November

Total

1997

13

52

415

208

146

-

834

1998

4

135

309

39

29

-

516

1999

22

266

470

203

5

-

966

2000

19

846

1073

339

31

-

2308

2001

47

377

819

504

40

3

1790

2002

46

564

436

170

19

-

1235

2003

45

28

-

-

-

-

73

Total

196

2268

3522

1463

270

3

7722
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Fig. B-3: Observed annual mean group sizes obtained from the dataset provided by MICS
used in this analysis. Note: large aggregations which could infer potential biases (<20
individuals per sighting) were removed for the analysis).

Fig. B-3: Observed monthly mean group sizes obtained from the dataset provided by MICS
used in this analysis. Note: large aggregations which could infer potential biases (<20
individuals per sighting) were removed for the analysis).
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